The paper is concerned with the dynamic analysis of a nuclear reactor with fluid-structure interaction modelling. Various fluid-structure interaction effects (inertial, elasto-acoustic coupling, confinement) are investigated using specific mathematical modelling. In particular, modelling of the reactor internal structures is performed using an homogenisation method whose numerical basis are exposed in the paper. 
INTRODUCTION
The numerical simulation of fluid-structure interaction problems has made tremendous progress over the past decades: many numerical methods have been proposed to take these phenomena into account in various engineering domains, among which power nuclear engineering in seismic analysis [1, 2, 3] . Although such methods have been firmly validated from the theoretical, numerical and even experimental points of view [4, 5, 6] they are still scarcely used in the industrial domain in pre-design analysis.
As this is true in particular as far as naval propulsion is concerned, French naval shipbuilder DCNS has launched a R&D program in order to improve the engineering practices for the design of nuclear propulsion reactors. This generic study aims at analysing the relative importance of fluid-structure interaction mechanisms on the dynamic response of a nuclear propulsion reactor when subjected to seismic or shock excitation. Seismic analysis is of major concern as far as ground prototype reactors are concerned, while shock analysis is of paramount importance for embarked reactors. In the latter case, "shock analysis" refers to the dynamic analysis of propulsion reactors when the submarine is subjected to the effect of an underwater explosion.
Nuclear propulsion systems are composed of two main elements, namely the reactor (PWR type, which contains the nuclear core and produces the hot water for the primary loop) and the steam generator (in which heat exchanges between the primary and secondary loops take place, resulting in the production of steam conveyed in the engine). The present study is concerned with the dynamic behaviour of the reactor, which is sketched by Fig. 1 in a simplified manner. In pre-design stages, three-dimensional details of the geometry can be discarded in the analysis, so that a two-dimensional axi-symmetric model can be used in first approach. Figure 1 identifies two main parts of the reactor: the "outer structure" (pressure vessel) one the one hand, the "inner structure" (core supporting structure) on the other hand. The annular space comprised within these two structures is filled with the fluid of the primary 32 An overview of engineering numerical methods for the dynamic analysis of a nuclear reactor with fluid-structure interaction modelling z z = H Inner structure boundary condition: u 1 = 0 on ∂∑ 1o
Outer structure boundary condition: u 2 = 0 on ∂∑ 2o z = 0 r O Nuclear core + internal fluid m Figure 1 Simplified model of the nuclear reactor: outer structure (pressure vessel), inner structure (core support) and internal structures.
loop (pressurised water) and with various internal structures (hydraulic devices). At operating condition, the reactor is pressurised (P o denoting the primary fluid pressure). The geometrical details of the reactor core are not accounted for in the present study (as will be made conspicuous in subsection 3, the core and internal pressurised fluid will only be modelled through their inertial effects). Using this engineering model of the reactor, it is then desired to evaluate the influence fluid-structure interaction effects (inertial, pre-stress, elastic/acoustic coupling, confinement, etc.) on the reactor dynamic behaviour when subjected to imposed acceleration and subsequently determine which effects are of engineering relevance. More precisely speaking, the study aims at answering the following key-questions [7, 8] :
What are the predominant coupling effects in the low frequency range (0-20 Hz), i.e. effects to be taken into account for the seismic analysis? -What are the predominant coupling effects in the high frequency range Hz), i.e. effects to account for in the shock analysis? -What is the influence of the presence of internal structures as far as fluidstructure interaction is concerned? -What is the influence of the static pressure P o on the dynamic behaviour of the nuclear reactor?
With these questions in mind, the proposed study will be devoted to recalling various mathematical modelling of fluid-structure interactions in the case of the reactor (subsection 2), to performing the modal analysis of the nuclear pressure vessel (subsection 3) and to identifying the predominant FSI effects on the dynamic response of the system when subjected to seism or shock (subsection 4).
FLUID-STRUCTURE INTERACTION MODELLING WITHIN THE NUCLEAR REACTOR

PROBLEM DEFINITION AND GENERAL ASSUMPTIONS
Geometry of the problem is detailed in Fig. 1 above. Σ k stands for the inner and outer structures (k = 1: inner structure, k = 2: outer structure), Ω for the fluid and Ω S for the internal structures. In the industrial problem, the structure interface with the steam generator on the one hand, and the reactor supporting structure on the other hand, are rather complex. In the present simplified approach study, clamped conditions of the upper part of structures Σ k are supposed to be representative of the stiffness interface of the reactor with the surrounding structures. ∂Σ ko denotes the boundary part of structure with imposed clamped conditions (see Fig. 1 ). Similarly, the fluid interface (reactor inlet and outlet for primary loop) are not accounted for in the simplified model: the fluid is then supposed to be confined within the inner and outer reactor structures. On the upper part of the reactor (denoted ∂Ω π on Fig. 1 ), rigid wall conditions are assumed. In the 2D axi-symmetric model, a symmetry condition arises for the fluid problem on r = 0: the corresponding boundary of the fluid problem is then denoted ∂Ω o , and boundary conditions are also that of a rigid wall. On the other boundaries, structure and fluid are in contact: Γ k denotes interface between fluid and structure Σ k . On boundaries, the unit normal is n and points outward for the fluid domain and inward for the structure domains.
As the paper is concerned with the study of vibration of the coupled system and with the description of fluid-structure interaction, the dynamic of the fluid and structure will be described in the frame of linear elasticity. In addition, the modelling does not account for thickness of the inner and outer structures or for flow of fluid, in such manner that: -Structure displacement u k , strain ε(u k ) and stress σ(u k ) fields will be described using an elastic shell model.
Fluid pressure field p will be described using the potential flow model (when compressibility effects are discarded) or the acoustic wave propagation model (when fluid compressibility is accounted for).
Properties of fluid ρ F (density), c (acoustic wave propagation velocity) and structure ρ Sk (density), E k (Young modulus) and v k (Poisson coefficient) are calculated at temperature and pressure operating conditions.
As details of the reactor core are not thoroughly defined in pre-design stages, this latter is modelled with an equivalent inertia, using a mass element placed at the estimated position of the centre of gravity of the core.
As the numerical model aims at describing the confinement induced in the fluid domain by the structures, internal structures are accounted for in the analysis only through their geometry. Experiences gained from previous engineering studies on similar structures have shown that the additional stiffness and/or mass related to the internal structures could safely been neglected in comparison with the internal and external structures stiffness and mass.
Despite the various simplified assumptions listed above, the proposed reactor model is representative enough of the industrial structure so as to describe the fluid-structure coupling effects and to evaluate their relative importance in the context of a dynamic analysis.
ELASTIC STRUCTURE UNDER STATIC FLUID PRESSURE
At operating conditions, the nuclear reactor is pressurised and one open question from the engineering point of view is to know whether the modelling has to take effects of internal pressure loading into account, or not. The static pressure field induces pre-stress effect on the structure, whose description can be achieved within the following modelling frame [5] . Calculation of kinetic and potential energy of the structure subjected to inner static pressure field gives: (1) for the kinetic terms, and: (2) for the potential terms. ε 1 (u) stands for the linear part of the strain tensor, , and ε 2 (u) refers to the non linear part of the strain tensor, . σ o (P o ) denotes the stress tensor due to static loading on the structure with pressure field P o ; n 1 is the local normal vector calculated on the deformed static configuration under pressure loading. Equation (2) gives the potential energy with various terms:
is the usual elastic linear terms which defines the linear stiffness matrix of the structure, -represents the geometric stiffness potential due to geometric variations of the normal vector n in the pressure field P o , -accounts for pre-stress stiffness potential, taking into account pre-stress effects in the reference configuration.
A finite element discretisation of the variational principle for the elastic structure leads to the following matrix system:
with M S and K S the structure mass and stiffness matrices. As expressed by Eq. (3), the effect of a pressure loading is modelled with the added stiffness matrix K σ -K π .
ELASTIC STRUCTURE COUPLED WITH INCOMPRESSIBLE FLUID
As stated above, the reactor behaviour is described in the frame of linear elasticity. The structure problem in the frequency domain reads 1 :
with boundary condition:
When the frequency range of interest does not exceed a few ten Hertz and when the typical size of the system is a few meters, the fluid can safely be modelled as incompressible [4] . In addition, since the fluid in the reactor is not so highly confined as to induce large viscous effects, it can be assumed inviscid. Accordingly, the fluid problem is described by the potential flow model, which reads:
in Ω in Ω
on ∂Ω π and ∂Ω o (7)
Coupling between fluid and structure problems is modelled with the following conditions:
Equation (8) expresses the continuity of the normal component of the stress tensor at the fluid-structure interface. On Γ k , the fluid acts on the structure via an imposed pressure that creates a structure loading in the normal direction at the structure boundary . Equation (9) expresses the continuity of the displacement normal component. On Γ k , the structure acts on the fluid via an imposed displacement in the normal direction at the fluid boundary.
Numerical resolution of the coupled problem is obtained with the finite element method, starting with the variationnal formulation of the fluid-structure interaction problem. On the one hand, the structure problem is written as: (10) for any virtual displacement field δu k which complies with boundary condition (5) . On the other hand, the fluid problem is written: (11) for any virtual pressure field δp satisfying boundary condition (7) .
Spatial discretisation of the weak formulations (10) and (11) is performed with finite elements [6] . Mass and stiffness matrices of the fluid and structure problem arise from the finite element discretisation:
Fluid-structure interaction matrices are used to discretise the coupled terms and are defined as: (15) Finite element discretisation of Eqs. (10) and (11) is then:
Pressure can be calculated from (17) and substituted in (16) , yielding: (18) Equation (18) describes the structure dynamic with fluid-structure interaction represented through the so-called added mass operator M H defined as: (19) The added mass matrix is positive definite: as a well know result, eigenfrequencies of the structure with fluid are lower than the eigenfrequencies of the structure without fluid. This inertial effect is increased in the case of confined fluid [9] . In the general case, the added matrix is not diagonal: coupling between structure modes can then be expected in presence of fluid.
Static pressure loading and fluid-structure interaction can both be accounted for: in such case, the structure eigenmodes are P o -dependant and are the solutions of the eigenvalue problem: (20)
ELASTIC STRUCTURE COUPLED WITH COMPRESSIBLE FLUID
For higher frequency analysis, the fluid can no longer be considered as incompressible. The fluid pressure field satisfies the acoustic wave propagation equation which reads: (21) in the frequency domain. Coupling condition with the structure vibration at the fluidstructure interface remains unchanged. Using the test function method, the weak formulation of the fluid problem with structure coupling is: (22) Finite element discretisation of the compressibility term yields the fluid mass matrix M F : (23) Finally, the coupled problem takes the following form:
Equation (24) involves non-symmetric mass and stiffness matrices. Although the eigenvalues of the coupled problem can be obtained with a non-symmetric algorithm [10] , this formulation does not allow a direct computation of participation factors and effective masses, which are requested for dynamic analysis with modal methods (see subsection 4). Furthermore, non-symmetric algorithms require higher computational time as symmetric ones. From that point of view, the use of symmetric coupled formulations is still nowadays a key-issue for engineering applications [11] .
Many authors have proposed alternative approaches in order to obtain a symmetric coupled problem [12, 13] . In the present study, the coupled problem is formulated using the (u, p, ϕ) coupled variable [14, 15] , in which the structure problem is formulated in terms of displacement (u) and the fluid problem in terms of pressure (p) and displacement potential (ϕ). Pressure and displacement potential in the fluid domain are related by: (25) Equation (25) can be written as follows, using the fluid mass matrix: (26) Combining Eq. (26) together with Eq. (24) leads to the following system, which involves symmetric mass and stiffness matrices: (27) It is worth discussing here the physical interpretation of the various matrices defined above. The structure kinetic and elastic energy are calculated according to: (28) Structure kinetic energy is evaluated with the mass matrix and potential energy with the stiffness matrix.
The fluid problem is formulated here in a dual formulation and it can be shown that the fluid kinetic and elastic energy are calculated as: (29) Fluid kinetic energy is now evaluated with the "stiffness matrix", as defined by Eq. (14), and potential energy with the "mass matrix", as defined by Eq. (23) . This denomination, though questionable from the energy point of view, is used in order to gather the stiffness
matrices K S and K F in the "stiffness term" and the mass matrices M S and M F in the "mass term" of the coupled problem, see Eq. (24) above.
ELASTIC STRUCTURE AND SOLID INCLUSIONS COUPLED WITH FLUID
Fluid-structure interaction modelling presented in the preceding subsections can be applied to the industrial problem under study here. However, a complete modelling of the geometrical details of the inner structures of the nuclear reactor would be based on a threedimensional finite element model, hence requiring high modelling and computational effort. From the engineering standpoint, a 2D axi-symmetric model of industrial structures is of convenient use in pre-design analysis. It is then desired to develop a numerical method that accounts for fluid confinement effects without using a full 3D model of the nuclear reactor. Modelling of the inner structure can be achieved in that context with a homogenisation technique [16] . The general principle of the proposed method can be described by Fig. 2 , in the case of two concentric cylinders coupled by a fluid, which can be viewed as a 2D representation of the industrial problem. The internal structures are modelled as rigid cylinders within the annular space between the inner and outer cylinder; the rigid structures are linked to the inner cylinder. Modelling fluid-structure interaction and accounting for the internal structures can be performed:
Either by using a numerical model that describes the geometry of the inclusions within the fluid annular space, as represented by Fig. 2, case (a) . In such case, added mass and confinement effects are directly described with the numerical method used in the former case. -Or by an equivalent fluid model that takes into account the added mass and confinement effects through an equivalent fluid model. Fluid-structure interaction effects are then described in an indirect, though powerful, way because in this latter case, detailed geometry of the solid inclusion do not need meshing, see Homogenisation methods have been developed and applied in various fields for structures with periodic geometry [17] or for fluids in porous media [18] . Such methods have also been applied to fluid-structure interaction problems [19] in particular in power nuclear engineering for FSI modelling in tube bundle [20, 21] , heat exchangers [22] or reactor cores [23, 24, 25] . In the present study, application of homogenisation methods for fluid-structure interaction modelling in the case of pressure vessel internals is presented. To the author's knowledge, this kind of application has not been reported in the literature. It differs from the previous cases at least from the following points of view:
-
The number of inclusions in the pressure vessel is much lower than in tube bundle (about 30 internal structures in the former case, more than 5000 tubes in the latter case). -The geometry of the problem is characterised by a cylindrical confinement within an annular space, whereas confinement in nuclear cores is rather of square-in-square type.
In the industrial case under consideration in the present paper, the inner and outer shell radius and the number of inclusions within the pressure vessel are such that one can model each fluid cell as a square with inner inclusion as a circle, see Fig. 3 .
For each cell, Ω S denotes the rigid solid domain, Ω F the fluid domain and Ω T = Ω S ∪ Ω F the total cell domain. u S is the rigid inclusion displacement, u F the fluid displacement field (for local description) and U F the average fluid displacement (for global description), defined as the average value of the displacement (solid and fluid) over the total domain (solid and fluid): (30) On the homogenised fluid domain, the pressure field p is calculated from the average fluid acceleration field and the solid acceleration according to:
An overview of engineering numerical methods for the dynamic analysis of a nuclear reactor with fluid-structure interaction modelling The confinement ratio is such that J ∈ [0,1]. It is worth emphasising the asymptotic cases J = 0 and J = 1, which respectively correspond to the following situations:
-J = 0 when there are no solid inclusions. In that case, Eq. (31) then yields the usual relation between pressure and acceleration, i.e. . -J = 1 is a limit case where there is no fluid in Ω T . In that case Eq. (31) reads U F = u S , which is physically consistent: the elementary cell is a solid structure cell.
The first term in the right hand side of Eq. (31) is the pressure gradient ∇p, corrected with the 1 -J coefficient which takes into account the presence of the solid inclusions in the fluid cell. Equation (31) states that for a given fluid motion, the pressure gradient is increased with the confinement, which is a typical effect of the geometrical confinement.
On the other hand, the homogenised fluid state equation reads:
Combining Eqs. (31) and (32) yields:
on Ω*
where Ω* is the homogenised fluid domain. Boundary conditions (rigid wall or symmetry condition) are:
and the coupling condition with the structure problem is:
which is equivalent to:
The variationnal formulation of the fluid problem is written using the test function method, and taking the cinematic condition on Γ 1 into account (inner inclusions are rigidly linked to the inner shell). The following formulation is finally obtained:
The structure problem is described according to the linear elasticity theory for each system Σ k : The coupled formulation given by Eq. (41) is of the same type that the non-symmetric (u,p) formulation, with corrections on the fluid stiffness matrix and on the fluid-structure coupling matrix. An equivalent symmetric formulation of Eq. (41) can be derived using the (u,p,ϕ) variables (see previous subsection).
The proposed homogenisation method lies on the calculation of the confinement ratio J, which can be estimated using a straightforward method [26] . Fluid forces acting on a rigid inclusion Ω S moving in an elementary fluid cell Ω F are calculated as: (44) where m h is the fluid added mass and is the inclusion displaced mass. On the other hand, external force acting on the fluid is calculated as , hence:
Taking into account Eq. (30), the previous equation is reformulated:
Whence: It is also important to stress that the proposed method is proved to be physically conservative in terms of total mass description [16] : effective masses can be calculated for each coupled eigenmode and the cumulated effective masses give the total mass of the system (fluid and structure), such a property being of paramount importance for the dynamic analysis using modal methods (see subsection 4).
MODAL ANALYSIS OF THE NUCLEAR REACTOR WITH FLUID-STRUCTURE INTERACTION
FINITE ELEMENT MODEL OF THE NUCLEAR REACTOR
The present analysis is based on a simplified model of the nuclear reactor in which 3D geometrical details have not been accounted for: in pre-design stages, a 2D axi-symmetric representation of the reactor is representative enough of the global behaviour of the structure (see subsection 2 and Fig. 1) .
In 2D axi-symmetric modelling, the problem unknowns, namely the structure displacement and fluid pressure and displacement potential (u, p, ϕ), are periodic functions of the angular variable θ. As the dynamic loading is imposed in a transverse direction with respect to the vertical axis of the structure, it is not purely axi-symmetric. Accordingly, it is suited to use a Fourier expansion of fields (u, p, ϕ): 
The CASTEM code [27] is used to produce the finite element model of the coupled problem (see Fig. 5 ), using: -1D axi-symmetric shell linear elements for the structure problem; -2D axi-symmetric acoustic linear elements for the fluid problem. Modelling of geometrical confinement induced by internal structures requires the computation of the confinement ratio J. This is achieved through an elementary cell calculation model (see subsection 2). The annular space between the reactor inner and outer structures is divided in ten zones (from bottom to top), describing the vertical variation of the confinement. Figure 6 gives an example of elementary cell mesh which enables the calculation of the added mass term in Eq. (46). Table 1 gives the corresponding values of the confinement ratio in the various zones of the reactor.
MODAL ANALYSIS WITH FLUID-STRUCTURE INTERACTION MODELLING
Modal analysis of the nuclear reactor can now be performed, using the various fluid modelling presented in the preceding subsections. Eigenfrequencies and effective masses of the system are gathered in Tab. 2.
Structure without fluid
Calculation is first performed for the structure alone, i.e. without any fluid coupling. Figure 7 shows the first two eigenmodes of the system. The first mode (43.8 Hz) is a bending mode of the inner structure, the second mode (102.7 Hz) is a bending mode of the outer structure. The cumulated modal mass for these two modes represents up to 66% of the total structure mass. More than 85% of the total mass can be taken into account with the three subsequent modes. 
Structure coupled with incompressible fluid
Eigenfrequencies and effective masses of the reactor with fluid coupling (without internal structure modelling) using an incompressible fluid model are then calculated; Fig. 8 gives a representation of the first three eigenmodes.
Mode #1 Mode #2 Figure 7 Eigenmode shapes of the reactor without fluid coupling. The first coupled mode is a bending mode of the inner structure coupled with the fluid; the frequency is lowered from 43.8 Hz to 25.7 Hz, as a result of inertial effects of the fluid. The second and third modes are coupled bending modes of the inner and outer structure at frequency 79.0 Hz (in phase bending mode) and 102.0 Hz (phase opposition bending mode) respectively: frequencies of the modes are lowered (inertial effect) and bending modes of the inner and outer structure are coupled (coupling effects).
Furthermore, the effective masses of the coupled mode differ significantly from that of the uncoupled modes. While in the latter case, the first two modes represent about 40% and 30% of the total mass respectively, in the former case, the first mode only accounts for 3% of the system mass and the second mode for more than 60% of the total mass.
These results clearly highlight the influence of fluid-structure coupling on the dynamic of the reactor: the eigenmode shapes, frequencies and effective masses are dramatically different when fluid coupling is accounted for. Consequences on the reactor response to seism or shock of fluid-structure interaction are detailed in the next subsection.
Structure coupled with incompressible fluid with static pressure
Static pressure loading does not induce significant changes in the system behaviour: as a result of pre-stress effect, global stiffness of the reactor increases, but the influence remains negligible for an extended range of pressure. Eigenmode shapes are not changed, eigenfrequencies as slightly raised, and effective masses are identical, when compared with calculation without static fluid pressure effects.
Such a result could have been expected a priori because the pressure vessel is designed in order to fulfil current regulation in terms of static pressure resistance. However, the coupled calculation with inner pressure correction terms demonstrates that static (pressure resistance) and dynamic (modal analysis with fluid-structure interaction) design can be performed separately as it is indeed current practice in design office.
Structure coupled with compressible fluid
Influence of fluid compressibility is much more significant, for modes above 100 Hz. The first two coupled eigenmodes are slightly affected by fluid compressibility: their frequency and effective mass are roughly the same as that computed with the incompressible fluid model the (27.2 Hz, 3.95% of the total mass and 78.8 Hz, 61.7% respectively obtained with the compressible fluid model, versus 26.2 Hz, 3.13% and 78.5 Hz, 65.6% obtained with the incompressible fluid model). The third coupled mode is more affected by fluid compressibility: as a result of elasto-acoustic coupling, its frequency is lowered to 94.6 Hz (to be compared with 102.3 Hz in the incompressible case) and its effective mass is increased up to 4.65% (to be compared with 1.1% in the incompressible case).
As pointed out by several authors, the modal analysis carried out here in an industrial case shows the importance of the coupling mode phenomenon when structure hydro-elastic modes and fluid acoustic modes are of the same order. De Langre [28] introduced the following non-dimensional number in order to evaluate the coupling effect: (50) A is the ratio between the celerity of acoustic waves in the fluid media and the elastic waves in the structure media. When A is close to unity, elasto-acoustic mode coupling is
observed. This approach remains limited to a global description of the coupling process and is valid for the first coupled eigenmode. Elastic energy of the coupled fluid-structure system can be calculated as: (51) where u is the structure displacement and ϕ is the fluid potential displacement. The potential energy is the sum of the fluid elastic energy and the structure elastic energy, this latter being calculated as:
Denoting K and K S the stiffness matrix for the coupled and structure problem, and the coupled eigenmodes, the potential energy of each mode is the calculated as: (53) and the elastic structure energy part in the total energy is given by:
The elasto-acoustic coupling can then be evaluated for each mode by calculating the following ratio: For a pure structure system, it is null by definition; for a structure coupled with an incompressible fluid, Λ is also null. For any elasto-acoustic coupled system (elastic structure coupled with acoustic fluid), 0 ≤ Λ ≤ 1; the greater Λ is, the more important elasto-acoustic coupling is. Table 3 gives the computed values of Λ for the first six eigenmodes, in the hydro-elastic case (elastic structure coupled with incompressible fluid) and the elasto-acoustic case.
As expected in the hydro-elastic case, for all eigenmodes. In the elasto-acoustic case at operating conditions, Λ is a few percent for the first two modes, for which fluid compressibility has limited influence, as pointed out before. Λ reaches much higher values (around 40%) from the third mode, which has been identified as the first coupled elastoacoustic eigenmode. All following modes are more or less affected by coupling phenomenon (i.e. by fluid compressibility) and are thus characterized by high values of Λ.
The proposed ratio Λ thus gives a good evaluation of the coupling effect in an elastoacoustic system, mode per mode, instead of the global indication given by the ratio A, which however remains a pertinent tool for a priori analyse.
Structure coupled with fluid, with internal structure modelling
When taking into account the internal structures through the homogenised fluid, coupling effects are modified as follows. Eigenmode shapes are quite similar with those calculated with the incompressible fluid model. However, influence of confinement on eigenfrequencies is more significant: the first coupled mode is a flexion mode of the inner structure, at frequency 21.3 Hz. The influence of inner inclusions on this mode is significant in term of added mass (the frequency of the mode is decreased from -13%) since the solid inclusions tend to limit the fluid motions and thus increase the added mass. The second mode is a fluid-coupled innerouter structure mode, at frequency 64.8 Hz. Influence of fluid confinement on that mode is also significant since the shift in frequency is about -15%. Influence on the third mode (at frequency 82.7 Hz) is as significant as for the second mode.
It can be inferred from the modal analysis that the predominant fluid-structure interaction effects in the case of the nuclear reactor studied here are: -Inertia coupling in the low frequency range (under 100 Hz); -Elasto-acoustic coupling effects in the high frequency range (above 100 Hz).
In both cases, FSI effects are increased as a result of confinement induced by the presence of internal structures. In dynamic (seismic and shock) analysis presented in the next subsection, fluid-structure interaction will hence be modelled using the homogenisation approach with fluid compressibility.
DYNAMIC ANALYSIS OF THE NUCLEAR REACTOR WITH FLUID-STRUCTURE INTERACTION
ANALYSIS PRINCIPLE
The problem of interest in the present paper is to compute the response of a linear system subjected to an imposed acceleration, such as a seism or a shock. The dynamic load on the system is described by the acceleration profile γ(t) in a given direction D and the system response is defined by the evolution of its degrees of freedom X(t) (e.g. in the context of fluid-structure interaction problems, structure displacement field and fluid pressure and displacement potential fields) in the moving frame. M, C and K denoting respectively the system mass, damping and stiffness matrices, the system dynamic is described by the following equation [29, 30] :
where δ n,n' stands for the Kronecker symbol. m n and k n are referred to as the modal mass and modal stiffness of eigenvector X n , respectively. The system dynamic behaviour can then be viewed as the superposition of elementary mass-spring systems with mass m n and spring stiffness k n , each system oscillating at frequency f n , given by:
Substituting the modal decomposition (60) into Eq. (57), multiplying each term by and using the orthogonality conditions given by Eq. (62), yields the following set of equations: (63) where κ n is the participation factor of eigenmode X n , defined as:
The participation factor can be interpreted as a shape factor which indicates how eigenmode X n is to respond to the imposed acceleration in direction D: the higher κ n is, the greater the effect of shock on eigenmode X n is. As a limit case, when X n and D are orthogonal with respect to the mass weighted scalar product , then κ n = 0, indicating that eigenmode X n contribution on the system response is null. In order to obtain a set of decoupled equations, it is convenient to use the proportional damping model, i.e. assuming that the damping matrix can be written: (65) where λ and µ are the Raleigh coefficients. Illustration and physical interpretation of the proportional damping model, with simple yet powerful elementary models from the engineering point of view, can be found for instance in [4] .
Substituting Eq. (65) into Eq. (63) finally yields the following set of equations:
where β n is the modal damping of eigenmode X n . According to Eq. (11) and to the orthogonality conditions given by Eq. (62), βn is deduced from the Raleigh coefficient as:
Setting β for two particular modes XI and XII, of eigenpulsation ωI and ωII respectively, defines the value of λ and µ. 66) can be performed with numerical methods for ordinary differential equations. In practice, few eigenmodes have to be retained in the analysis to give an accurate description of the system behaviour. Computational time can then drastically reduced by using time integration with modal decomposition techniques.
Spectral method
Computation of a mechanical system response with direct or modal time integration techniques is possible when the imposed loading is defined by an accelerogram , which defines the imposed acceleration for each time step. From the engineering point of view, shock or seism loading are often characterised by a response spectrum. It is recalled that the response spectrum plots for each possible value of ω the maximum displacement ξ(ω,β,γ) of a single degree of freedom system, defined by its pulsation ω and damping coefficient β and subjected to the acceleration γ [30] . By definition, ξ(ω,β,γ) = maxt > 0 ξ(t), where ξ(t) is the solution of ξ(t) + 2βωξ(t) + ω2ξ(t) = -γ(t). Representation of a dynamic loading through its response spectrum enables a simple comparison of various imposed loads [34] . Response spectrum are usually represented in terms of static equivalent (or pseudo) acceleration, i.e. by plotting where . Example of shock response spectrum is given in subsection 4. By construction, a response spectrum only gives indication on the maximum value of displacement or acceleration of a single Figure 9 Seismic analysis with static approach: deformation of the structure. and that summation of effective masses gives the system mass, in other words . Therefore, in spectral methods, it is necessary to use a modal basis with as close to m as possible, in order to have a good estimation of the system dynamic response.
Static method
When the typical loading frequency is lower than the lowest system eigenfrequency, the system behaves in a quasi-static manner. "Dynamic" response of the system can in this case be safely described by neglecting inertial effects, i.e. using a static acceleration representation of the seismic signal. In such a case, Eq. (57) reduces to:
where γ o is the value of the static equivalent acceleration. The static method thus requires the resolution of a linear system which can be performed either with direct or modal methods.
INDUSTRIAL APPLICATION 4.2.1. Seismic analysis
The typical frequency of the seismic loading is about 25-30 Hz. As highlighted by the modal analysis with fluid-structure modelling, the first eigenfrequency of the predominant mode (i.e. mode with the highest effective mass) system is 64.8 Hz so that the reactor behaviour under seismic loading is quasi-static. Seismic analysis can be performed with a static approach. In order to highlight the influence of fluid, static analysis of the system with and without fluid-structure coupling is carried out. The maximum computed displacement of the inner and outer structures are summarised in Table 4 The calculated displacement for the inner structure with fluid is less than without fluid, whereas the opposite observation can be drawn for the outer structure. This results from static fluid force acting against the imposed acceleration on the inner structure, and together with the imposed acceleration on the outer structure [9] .
Shock analysis
A typical accelerogram of shock imposed on the system is given in Fig. 10 in nondimensional coordinate system, with γ o standing for the maximum acceleration and τ o for shock duration. Figure 11 gives the corresponding Shock Response Spectrum. Frequencies of the reactor with and without fluid have been identified in the SRS: dynamic behaviour of the system is clearly governed by several eigenmodes. As a consequence static approach is not relevant for shock analysis. Temporal method with modal approach or spectral method are then preferred. As mentioned in the preceding subsection, it is then necessary to take enough modes into account. In the present study, the number of modes to retain in the analysis is such that 90% of the total system mass is accounted for. Figure 12 plots the cumulated effective masses versus frequency: in order to take 90% of the total mass, six modes are needed for the structure alone and twelve modes for the structure coupled with fluid. According to engineering recommendations and common practice for such analysis, damping coefficients have been set to 5% for the two predominant eigenmodes (in terms of effective mass). Damping coefficients for other eigenmodes are deduced using Eq. (67).
Under these assumptions, shock analysis can be performed. Table 5 gives the maximum calculated displacement of the inner and outer structure, using temporal or spectral methods, with and without fluid-structure coupling.
Identical trends as in the seismic analysis can be highlighted: the inner structure displacement is lower when fluid-structure interaction is accounted for, while the opposite stands for the outer structure. From the engineering standpoint, this illustrated the importance of FSI in the dynamic response of the nuclear reactor when subjected to shock. In design stages, a complete three-dimensional analysis of the reactor with fluid structure interaction modelling will then be required.
In addition, it should be noticed that the temporal and spectral approaches give identical results in terms of displacement calculation. This validates the use of such methods for future design studies of propulsion nuclear reactors, as long as FSI is accounted for. Since all industrial finite element codes do not allow spectral calculation with fluid-structure interaction, specific developments are therefore carried out in DCNS finite element code for future industrial applications [11, 35] .
CONCLUSION
A global analysis of fluid-structure interaction effects has been carried out for a simplified model of a nuclear reactor, using various numerical models and various engineering approaches. Dynamic analysis has also been performed in order to study the reactor behaviour under seismic and shock loading, using a numerical method which is consistent with the physics of the system. Several conclusions can be drawn from the presented analysis, from methodological, numerical and industrial standpoints.
-
From the methodological point of view, various modelling of fluid-structure effects have been investigated (static loading, inertial coupling, elastoacoustic coupling, and confinement effects) and application of the coupled analysis in the context of systems subjected to dynamic loading has been considered. Modal techniques (for temporal and spectral methods) have also been applied in the context of seismic and shock analysis of structures with fluid-structure interaction modelling. -From the numerical point of view, a homogenisation approach has been developed for the modelling of the reactor internal structures with fluidstructure interaction. The proposed method allows a rather straightforward modelling of internal structures without requiring a complete mesh of the structures geometry. The method enables the use of a 2D axi-symmetric model and produces a correct calculation of the eigenmodes, eigenfrequencies and effective masses, which is of paramount importance for shock or seismic analysis purposes. 
